Abstract Previous studies of the effects of the interaction of electron beams with bilayers of amorphous chalcogenides and metals such as silver and copper have shown that the type of pattern formed by electron beams scanned across these bilayers is dependent on the energy of the electron beam and on the thickness of the bilayer. Whether these bilayers are freestanding or are deposited on a substrate has also been shown to be important. The purpose of this investigation is to develop a model to explain how the electron-beam energy and bilayer thickness as well as the physical processes produced by the electron beam can lead to different types of pattern. These processes include radiolysis, secondary electron generation and the formation of superionic silver chalcogenide phases. With high electron-beam energies and thin freestanding bilayers, these processes are central to the formation of the metal-free patterns generated in thin freestanding bilayers in a scanning transmission electron microscope. Silver patterning on the surface of thick bilayer films in a scanning electron microscope using less energetic electron beams has also been shown to depend on a mechanism involving the neutralising of silver ions produced by radiolysis with secondary electron generation. This model has also been used to explain the dependence of the type of pattern formed on the incident electron energy when silver/amorphous chalcogenide bilayers of a thickness suitable for X-ray mask production are exposed to an electron beam with energies over the 5-30 keV range.
Introduction
When there is contact between certain metal films (e.g. silver or copper) and amorphous chalcogenides (e.g. aAs 2 S 3 , a-GeSe), a chemical reaction occurs with the formation of the metal selenide, for example, Cu 2 S for amorphous arsenic triselenide (a-As 2 S 3 ) in contact with copper (Cu/a-As 2 S 3 ) and Ag 2 Se for amorphous germanium selenide (a-GeSe) in contact with silver (Ag/a-GeSe) [1] [2] [3] . The bilayer material that forms on contact is particularly sensitive to the intense focused electron beams generated in electron optical instruments. In a scanning transmission electron microscope (STEM), when operated at 100 kV, fine silver-free lines of nanometer dimensions can be formed by moving the electron beam over a thin unsupported silver/a-chalcogenide bilayer [4, 5] . Silver/a-chalcogenide bilayers have the highest sensitivity to electronbeam patterning effects. Figure 1 shows silver-free lines drawn in a thin freestanding Ag/a-GeSe 2 film by the electron beam. X-ray microanalysis spectra from the irradiated areas [4] confirm the migration of the metal away from the electron-irradiated area.
By contrast, with a freestanding bilayer when silver is deposited on a thick a-chalcogenide film to form a bilayer on a silicon wafer substrate, a scanned electron beam in the energy range from 5 to 30 keV results in the formation of silver lines or areas [6] [7] [8] [9] [10] . For example, if an electron beam in this energy range is rastered over the surface of an Ag/a-GeSe 2 bilayer on a silicon substrate a pure silver surface area is formed (Fig. 2a) . Figure 2b shows the associated increase in the silver Auger signal with time over the electron beam-exposed bilayer [10] . However, for bilayers formed on a thin silicon nitride membrane, there is a complex dependence of the line structure on accelerating voltage [11, 12] (Fig. 3 ).
Metal-free line patterns could have a potential application as soft X-ray masks for single-step fabrication of silicon chips and successful tests exposing copper-free line patterns to soft X-rays have been carried out [13] . An important property of silver-free patterns is that they can be erased by annealing the bilayer at temperatures of the order of 250°C [14] which suggests these materials may have potential applications in memory devices. By contrast, the silver line patterns generated in thick films in the scanning electron microscope could have a possible application in producing extreme ultraviolet masks for silicon chip fabrication.
The differing behaviour of the movement of certain metal ions and in particular silver ions under irradiation by electron beams of differing energies, as described above, has been presented as a series of observations in a number of publications [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . In some cases, a brief explanation has been proposed for a particular pattern formation. The objective of the current study is to bring together the results from these separate observations and present a coherent explanation for the different forms of electron-beam patterning.
Materials and methods
The silver/a-chalcogenide bilayers were prepared by vacuum deposition or by deposition from a silver nitrate solution. Thin freestanding bilayer films of silver/a-chalcogenide of the order of 50 nm thickness and bilayer films on substrates were investigated in previous experiments with the STEM, a transmission electron microscope (TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM), Auger electron spectroscopy and X-ray photoelectron spectroscopy, and the resulting patterns have been described in a number of publications [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . [10] and IOP Publishing UK Fig. 3 AFM image of patterns generated in a 300 nm-thick Ag/ a-As 2 Se 3 film supported on a 100 nm-thick silicon nitride membrane produced by exposure to an e-beam accelerating voltage a 10 kV and b 30 kV, courtesy Nusbar et al. [11] and IOP Publishing UK J Mater Sci (2015) 50:2626-2633 2627
Analysis of the role of secondary and backscattered electrons
In the previous investigations referenced in the ''Introduction'' and ''Materials and methods'' sections, it is clear that the physical differences between the types of electron beam-generated patterns observed in silver/a-chalcogenide bilayers are influenced by the thickness of the material penetrated by the electron beam, whether a supporting substrate is used, the substrate thickness and the energy of the incident electrons. The role of radiolysis effects produced by the primary electron beam in the bilayers and the possible interaction with secondary and backscattered electrons is also important. In the mechanism proposed here the role of the secondary and backscattered electrons produced for each type of bilayer-substrate format is examined and a comparison of the magnitudes of secondary electron generation is made for each bilayer, for example, whether freestanding or substrate supported.
Secondary electrons generated in freestanding bilayers
Although the emission of secondary electrons from the surface of a material, due to interaction with an incident electron beam, is vital in imaging surface structure in the SEM, these secondary electrons form a negligible fraction of all secondary electrons generated by an electron beam. For example, for a 50 nm silver/a-chalcogenide thin film and a secondary electron escape depth of 10 nm only about two percent of the secondary electrons generated are emitted from the film surfaces.
When an energetic electron beam is incident on a material, the rate of generation of secondary electrons as a function of depth z is [16] [17] [18] [19] [20] nðz; EÞ ¼ À 1
where s is the path length measured along the electron trajectory, e is the effective energy required to produce a secondary electron and dE/ds is the stopping power of the incident electron. The simplest approach used is to assume a constant stopping power
where R p is the range or penetration depth of the incident primary electron beam of energy E p [17, 18, 20, 21] and
Assuming secondary electrons that escape from the surface are a negligible fraction of the total number of secondary electrons that are generated within the film, then the total number generated by the primary electron beam and by backscattered and forward scattered electrons is
where t is the film thickness, g t is the fraction of primary electrons backscattered and forward scattered for a film of thickness t. The number of secondary electrons generated per backscattered electron is greater than the number of secondary electrons generated per primary beam electron [22] and it is likely that this is also true of forward scattered primary beam electrons. Hence, ignoring the negligible number of secondary electrons that escape from the thin surface layers at the entrance and exit surface layer of the film, the total number of secondary electrons retained in the thin film is
Secondary electron generation in a thickness greater than the electron range
The number of secondary electrons generated at depths greater than the escape depth for secondary electrons in a film of thickness greater than the primary electron range R p is
where the backscattered and forward scattered electrons that give rise to secondary electrons originate from the complete range of the primary electron beam R p and the number of secondary electrons that is emitted from the surface is negligible and is ignored. Evaluating the above integral
Comparison of secondary electron generation in thick and thin bilayers
The number of secondary electrons N 1 generated within a thin freestanding bilayer with incident primary electron energy E 1 can be compared with the number of secondary electrons N 2 generated within a thick bilayer where the incident primary electron-beam energy is E 2 and the bilayer thickness is equal to or greater than the range R 2 for this primary electron energy. If the range of electrons with primary electron energy E 1 is R 1 , then the ratio N 2 /N 1 can be written as
For silver/a-chalcogenide bilayers such as 50 wt% Ag/a-GeSe, the composition can be written in terms of the atomic proportions as Ag 1.45 GeSe and this composition has been used to calculate the approximate electron range R p although it should be noted that Auger depth profiling and electron diffraction investigations have shown that the film formed by contact reaction is not homogenous and has a silver selenide layer with the Ag 2 Se crystal structure formed on the film surface [4, 23] . For incident primary electron energies for the thin film and thick film of 100 and 20 keV, respectively, and using the Kanaya-Okayama range equation [24] , the incident primary electron ranges are 20.3 and 1.38 lm, respectively, and therefore
These calculations show that under these typical electron-beam energies used in the TEM and SEM of the order of at least 81 times more secondary electrons are generated in the SEM in a thick bilayer film (*1 lm) with overall composition AgGeSe 1.45 (i.e. 50 wt% Ag/a-GeSe) than in the TEM with a freestanding 50 nm bilayer with this overall composition. However, a more valid comparison of the differences in secondary electron generation can be obtained from the ratio of the densities of secondary electrons in the two film samples. The density of secondary generation in the thin film is q 1 = N 1 /At and for the thick film it is q 2 = N 2 /AR 2 , where A is the cross-sectional area of the generated secondary electron distribution which is produced by the primary beam and is assumed for convenience to be approximately similar in both films, although the scattering cross section for inelastic scattering decreases with accelerating voltage. The density ratio is
Since the backscatter and forward scattering coefficients increase with thickness [22] , secondary electron densities of the order of three times higher are generated in a thick film in the SEM operated with incident electron energy of 20 keV by comparison with a thin film in the TEM with 100 keV electron energy.
Silver/a-chalcogenide bilayers deposited on thin silicon nitride membranes
Thin silver/a-chalcogenide bilayers deposited on thin silicon nitride membranes used to fabricate X-ray masks were also studied in previous investigations [11] [12] [13] . Understanding the origin of the differing patterns formed by electron beams of different energies (Fig. 3) is important in assessing the potential for nanometre semiconductor device fabrication with these materials. An important factor in this case is that at low incident electron-beam energies the total thickness of the bilayer plus membrane samples described here is of the order of the incident electron energy range R p . The choice of thickness of the bilayer is dictated by the absorption of the particular soft X-ray wavelengths employed when the pattern is used as an X-ray mask. The important effects associated with the interaction of the electron-beam energy with the bilayer material that occur at 10 keV (Fig. 3a) and below are another observation that requires explanation. Fitting [25] has proposed that the range-energy relation which is of the form R p = kE n changes at an electron energy of about 10 keV. Below E = 10 keV the Fitting range-energy equation is R = 900 q 0.8 E 1.3 and above E = 10 keV the equation is R = 450 q 0.9 E 1.7 .
Discussion of the mechanisms involved in pattern formation

General factors
A number of physical processes are involved in formation of the two types of electron beam-generated patterns observed in silver/a-chalcogenide bilayers. Both pattern types involve the movement of silver ions by radiolysis which involves the displacement of the silver ions in the bilayer due to the interaction of the energetic electron beam. In radiolysis, an appreciable amount of the energy in the incident electron beam goes into structural alterations in the irradiated solid by interaction with the atomic electrons which generate atomic displacements. For this to happen, an energy-to-momentum conversion mechanism must exist that can convert the potential energy inherent in the electronic excitation into momentum of a departing nucleus sufficient to displace it from a lattice site as described by Hobbs [26] . The displacement of silver from silver halides is an example of useful radiolysis. For example, the interaction of an electron beam with electron beam-sensitive silver halide emulsions, as used to record images in transmission electron microscopy, is clearly similar to the electron-beam irradiation process discussed here in bilayers of silver/a-chalcogenide deposited on a substrate or in thicker bilayers of silver/a-chalcogenide. Another important physical process is the generation of secondary electrons by incident, forward scattered and backscattered electrons. This process provides electrons to neutralise the positive charge on the silver ions. The high mobility of silver ions in the material is also important. The formation of the silver chalcogenide (Ag 2 S, Ag 2 Se or Ag 2 Te) film by contact between silver and the amorphous chalcogenide is also an important factor as is the location of silver chalcogenide close to the surface in thick films or substrate-supported thin films.
Mott and Gurney [27] in their book ''Electronic Processes in Ionic Crystals'' suggest a mechanism for the formation of a silver image in a silver halide exposed to light. Parts of this mechanism can carry over to other inorganic materials containing silver such Ag 2 S and Ag 2 Se which, similar to silver halides, are ionic conductors with highly mobile silver ions. In fact, Ag 2 S and Ag 2 Se are described as superionic due to the high mobility of the silver ions when these materials are raised to temperatures above 100°C. Conductivity in silver halides is due to the mobility of interstitial silver ions. In silver halides, Mott and Gurney suggested that, under the action of light, specks of colloidal silver grow in the silver halide grains. A similar process may be involved in the formation of electron beam-generated silver patterns in the silver chalcogenide layer, which are detected by electron diffraction and by Auger electron spectroscopy on the surface of silver/a-chalcogenide bilayers [4, 23] . In this situation, most of the silver portion of the initial bilayer film reacts with the amorphous chalcogenide, although, it is possible that small uncombined silver particles are present in the product material. An energetic electron beam that is then incident on this silver chalcogenide upper layer formed by the contact reaction between silver and the a-chalcogenide will dislodge silver ions from their lattice location by the radiolysis action. This incident electron beam will also generate large numbers of secondary electrons which can be captured by these silver ions leading to the formation of neutral silver atoms, some of which may aggregate to form small particles or adhere to remnant small particles or specks of silver that have not combined in the contact reaction. Silver chalcogenides are also electrolytic conductors. Further secondary electrons are trapped on the specks or aggregates and the electrostatic field set up by each charged speck or aggregate will lead to an electrolytic current, and interstitial silver ions already in the neighbourhood of the region tracked by the electron beam will be electrostatically attracted to move towards the charged silver specks and adhere to them. This then leads to a build-up of silver in the vicinity of the electron-beam path when it is scanned across the surface of the material as illustrated in Fig. 4 .
Thick silver/a-chalcogenide bilayers and bilayers on a thick substrate
In thick silver/a-chalcogenide bilayers and bilayers deposited on a thick substrate, for example, a silicon wafer, the radiolysis effect and the process of silver atom formation described in the ''General factors'' section takes place along the path of the incident electron beam. This results in a build-up of silver to form eventually surface silver patterns where the electron beam is scanned across the material (Fig. 4) .
In contrast to the case of a freestanding film with an Ag 2 X layer on the surface (where X is S, Se or Te), the electron beam does not exit the thick bilayer material as it does for a thin film. The lower energy electron beam used in the SEM (10-30 keV) results in a lower temperature of the material along the electron path normal to the bilayer surface. The significant lateral migration of silver away from the electron-beam path through the sample observed with a freestanding film does not occur. Instead of lateral Fig. 3b migration occurrence, the silver atoms formed by the action of radiolysis and interaction with secondary electrons along the beam path conduct heat towards the surface. The silver atoms also move towards the cooler surface along this path due to the temperature gradient between the cooling impact surface that remains after the scanned electron beam moves on across the surface and the higher temperature silver chalcogenide interior. The surrounding insulating silver/a-chalcogenide material retains the heat generated in the interior from the electron-beam energy close to the electron-beam path. The silver concentration also reduces with depth as demonstrated by Auger depth profiling [4, 23] . Silver atoms that have formed along the electron-beam path at these deeper levels in the bilayer migrate to the cooler bilayer surface until the thermal energy acquired from the penetration of the electron beam into the interior is dissipated. This migration process eventually results in the observed formation of linear silver patterns on the bilayer surface that are traced across the surface as the electron beam is scanned as shown in Fig. 3b [6, 7, [10] [11] [12] 15] . The intersecting lines shown in Fig. 3b demonstrate the build-up of silver above the surface by migration from the interior to the surface [11, 15] . Figure 4 illustrates the processes involved in the formation of the silver surface structures. Another factor, discussed in the ''Comparison of secondary electron generation in thick and thin bilayers'' section, that will contribute to the difference in pattern formation between thin freestanding bilayers and thick or substrate-supported bilayers is the higher generation of secondary electrons by the lower primary beam electron energies used in the SEM. This higher density of secondary electrons plays an important part in increasing the number of silver atoms along the internal electron-beam path by neutralising Ag ? ions generated during radiolysis to form the observed high aggregation of atomic silver on the surface of thick and substrate-supported films.
Thin silver/a-chalcogenide bilayers Although radiolysis is less efficient at higher electron energies significant radiolysis effects are observed at 100 keV electron-beam energies [26] . As the 100 keV electron beam is tracked across the surface of thin selfsupporting silver/a-chalcogenide bilayers silver-chalcogen bonds will be broken and silver ions will move away from the area irradiated by the incident electron beam leading to a silver-free pattern. A likely reason for the direction of this silver ion movement is the temperature gradient that exists between the higher temperature 100 keV electron-irradiated area and the surrounding material. The local higher temperature in the electron beam-irradiated area and the neighbouring area will also contribute to this process by transforming the material in this region to a superionic form of the silver chalcogenide (Fig. 5 ). Oldale and Elliott have also suggested that electron beam-induced depletion of silver can be understood on the basis of an unspecified combined thermal and electronic mechanism [5] . The explanation given in this study for silver-free electronbeam patterning in freestanding bilayers is essentially similar to that given by McHardy et al. [4, 14] .
The role of the superionic properties of Ag 2 S and Ag 2 Se in leading to silver-free patterns was proposed by McHardy et al. [4] . Andreoni [28] has shown that Ag 2 S transforms to a cubic superionic phase at 177°C. Saito et al. [29] have also shown that Ag 2 Se transforms to a similar phase at 133°C, and McHardy et al. [14] have demonstrated that these temperatures can be attained readily in films of Ag/aGeS and Ag/a-GeSe 2 with focused electron irradiation in the transmission electron microscope and also using a hightemperature stage.
Bilayer films supported on silicon nitride membranes for X-ray mask production
The observations of silver-free patterns formed by scanned electron beams with energies less than or equal to 10 keV in thin silver/a-chalcogenide bilayers supported on silicon nitride membranes (Fig. 3a) appear to relate to the lower penetration depth of the electron beam at these lower primary electron-beam energies. A predicted and observed increase in energy transfer from the incident electron beam to the near surface region with decrease in incident primary electron energy that has been discussed by Fitting [25] is also an important factor. This energy transfer close to the surface is important in explaining the changes in the pattern formation observed at and below electron-beam energies of 10 keV in silver/a-chalcogenide bilayers. The surface region of the bilayer is known to contain mainly silver chalcogenide, for example, Ag 2 Se in an Ag 2 Se/a-arsenic selenide bilayer formed by a contact reaction. The concentration of energy in a region close to the surface induced by electron irradiation will lead to an increased temperature there. This higher temperature close to the surface could be sufficient to transform the Ag 2 Se material there to the hightemperature superionic phase [14] leading to highly mobile silver ions migrating laterally away from this region in the resulting temperature gradient depleting silver from the region of the scan to form the observed silver-free pattern (Fig. 3a) . The diagram shown in Fig. 6 illustrates this process. An accurate calculation of the range of, for example, 5 keV and for the 10 keV electrons incident on the Ag 2 Se/ a-arsenic selenide bilayer shown in Fig. 3a would be useful in determining how much of the incident electron energy is retained in the bilayer. The energy lost in penetration through the Ag 2 Se/a-arsenic selenide layer and into the silicon nitride layer could also be determined. Exact calculation of the thickness of the Ag 2 Se film formed on silver contact with the amorphous arsenic triselenide is difficult to achieve because the thickness, density and stoichiometry varies with depth in the bilayer [4] . The crystal structures associated with Ag 2 Se and other silver chalcogenides support a wide stoichiometry range. An attempt to obtain an approximate measure of the range of 5 and 10 keV electrons in this Ag 2 Se/arsenic selenide layer has been obtained here by using the density of the chalcogenide glass AgAs 1.4 Se 2.13 [30] in the appropriate Fitting range equation [25] . The composition of the AgAs 1.4 Se 2.13 material is close to the atomic proportions for the starting materials in the bilayer shown in Fig. 3a . The calculated electron beam ranges for 5 and 10 keV electrons using this density are 183 nm and 451 nm, respectively. These electron range values confirm that the major energy transfer effects of the electron beam are mainly localised within the 300 nm Ag 2 Se/arsenic selenide bilayer. According to the calculations of Fitting [25] , a significant portion of this energy is localised close to the surface which in this case is where the layer with the Ag 2 Se crystal structure resides. In these calculations [25] , energy transfer curves for 10 keV primary electrons with gold and aluminium targets demonstrate that the maximum energy transfer occurs closer to the surface with increasing atomic number. By extrapolation to silver and selenium, the main constituents at the surface of the bilayer, the peak energy transfer occurs at approximately 0.25 R p below the surface where R p is the primary electron range calculated above for both 5 and 10 keV electrons. This is at 46 nm and 113 nm from the surface, respectively, for 5 and 10 keV primary electrons. This estimate for the location of the concentrated energy transfer for the Ag 2 Se/a-arsenic selenide bilayer shown in Fig. 3a is included in the schematic diagram (Fig. 6 ) illustrating the formation of the silver-depleted pattern as shown in Fig. 3a .
Conclusions
In the silver/a-chalcogenide films discussed here the formation of a silver chalcogenide layer by a contact reaction is important in establishing a layer of material that is sensitive to the electron beam. The electron-beam interaction with the bilayer material is complex. Among the various electron-beam interactions that occur on electron irradiation in the STEM and SEM, radiolysis and secondary electron generation by the primary and back and forward scattered electron beams are vital through radiolysis in displacing silver ions and through secondary electron emission neutralising them to form silver atoms that are then available to form patterns. The resulting pattern behaviour also depends on electron-beam energy in relation to raising the temperature of irradiated material in the bilayer, secondary electron generation, bilayer thickness, the type of substrate and whether the bilayer is on a substrate or is freestanding.
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